This study focused on the unique properties of both the Ldlr knockout defect (closely mimicking the human situation) and the BALB/c (C) inbred mouse strain (Th-2 slanted immune response). We generated two immunodeficient strains with severe combined B-and T-cell immunodeficiency with or without a complete lack of natural killer cells to revisit the role of adaptive immune responses on atherogenesis. C-Ldlr -/-Rag1 -/-mice, which show severe combined B-and T-cell immunodeficiency and C-Ldlr -/-Rag1 -/-Il2rg -/-mice, which combine the T-and B-cell defect with a complete lack of natural killer cells and inactivation of multiple cytokine signalling pathways were fed an atherogenic Western type diet (WTD). Both B6-Ldlr -/-and C-Ldlr -/-immunocompetent mice were used as controls. Body weights and serum cholesterol levels of both immunodeficient strains were significantly increased compared to C-Ldlr -/-controls, except for cholesterol levels of C-Ldlr -/-Rag1 -/-double mutants after 12 weeks on the WTD. Quantification of the aortic sinus plaque area revealed that both strains of immunodeficient mice developed significantly more atherosclerosis compared to C-Ldlr -/-controls after 24 weeks on the WTD. Increased atherosclerotic lesion development in C-Ldlr -/-Rag1 -/-Il2rg -/-triple mutants was associated with significantly increased numbers of macrophages and significantly decreased numbers of smooth muscle cells compared to both C-Ldlr -/-wild type and C-Ldlr -/-Rag1 -/-double mutants pointing to a plaque destabilizing effect of NK cell loss. Collectively, the present study reveals a previously unappreciated complexity with regard to the impact of lymphocytes on lipoprotein metabolism and the role of lymphocyte subsets in plaque composition.
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Introduction
Manipulation of the immune system by a variety of means has been used to unravel the roles of cellular and humoral immunity in the pathogenesis of atherosclerosis [1] . Although the absence of autoantibodies and T lymphocytes did not influence [2] or only played a minor role [3] in the extent of aortic atherosclerotic lesions in Apoe-deficient mice, studies in Ldlr deficient mice suggest that T lymphocytes exert pro-inflammatory effects early in atherogenesis [4] . In contrast, subsets of B lymphocytes and/or antibodies are protective against atherosclerosis both in Apoe- [5] and Ldlr- [6] deficient mice. Unlike conventional T cells that recognize peptide antigens presented by the classical MHC class I or class II molecules, natural killer T (NKT) cells are specific for glycolipid antigens presented by the MHC class I-like molecule CD1 [7] . CD1d-restricted NKT cells are pro-atherogenic in both Apoe- [8] and Ldlr- [8] [9] [10] deficient mice.
Depending on the local milieu of cytokines, CD4 + T lymphocytes differentiate into a Thelper (Th) 1 or Th 2 lineage. Cytokines associated with a pro-inflammatory Th-1 response (interferon (IFN)-γ and interleukin (IL)-12) play a role in atherogenesis while Th2 associated cytokines including IL-10 are protective against lesion development [11] . It is also known that severe hypercholesterolemia induces a switch from Th1 to Th2 development in Apoe-deficient mice resulting not only in the formation of IgG1 autoantibodies to oxidized LDL, but also in the appearance of Th2-type cytokines in the atherosclerotic lesions [12] . The impact of a Th1 versus Th2 immune response on atherogenesis was further detailed in the context of Apoedeficient mouse strains, which either had a C57BL/6 (B6) background, producing predominantly Th1 helper cells, or which had a BALB/c (C) background, leaning toward Th2 dominated immune responses [13] . However, as Apoe-deficient mice exhibit an impaired immune response during infection with Listeria monocytogenes [14] general concerns over using this model to evaluate immune response in atherosclerosis have been raised, and it has been demonstrated that Ldlr-deficient mice did not exhibit any potentially confounding perturbations in immune response [4] . In addition, since atherosclerotic lesions in Ldlr-deficient mice do not develop spontaneously as in Apoe-deficient animals but are inducible under Western type diet (WTD), and since the serum lipoprotein profile of Ldlr-deficient animals is characterized by high-level LDL rather than by chylomicrons and VLDL (as in Apoe-deficient mice) [15] [16] [17] , Ldlr-deficient mice represent a more physiological model of atherogenesis compared to Apoedeficient mice.
In the present study, we studied the unique properties of both Ldlr-deficiency (closely mimicking the human situation) and the BALB/C mouse strain (Th2 slanted immune response) and generated two immunodeficient strains with severe combined B-and T-cell immunodeficiency with or without a complete lack of natural killer cells to revisit the role of adaptive immune responses on atherogenesis.
Materials and Methods

Mouse Strains and Dietary Induction of Atherosclerosis
The B6-Ldlr -/-(official designation: B6.129S7-Ldlr tm1Her /J, Stock No 2207) knockout strain was purchased from The Jackson Laboratory (TJL, Bar Harbor, Maine, USA). Generation of the BALB/c-Ldlr tm1Her (internal designation C-Ldlr -/-) mice has been described in Spencer et al [18] and homozygous C. [20] . Genetic authenticity of all strains was monitored commercially (KBioscience, Hoddesdon, UK) using the SNP-based marker set previously developed by The Jackson Laboratory [21] .
All mice were maintained at the Central Laboratory Animal Facility of the University Medical Center of Mainz, Germany, under specific pathogen free conditions in accordance with standard animal care requirements and maintained on a 12/12 hour light-dark cycle. Water and food were given ad libitum. Female C-Ldlr -/-Rag1 -/-and C-Ldlr -/-Rag1 -/-Il2rg -/-knockout mice, as well as female C-Ldlr -/-and B6-Ldlr -/-mice were placed on a pro-atherogenic Western-type diet (WTD, Ssniff Spezialdiäten GmbH, Soest, Germany) at an age of eight weeks. The WTD contained 21% (wt/wt) fat and 0.15% (wt/wt) cholesterol and was administered for a time span of either 12 or 24 weeks, respectively. All animal work performed in this study was conducted according to the national guidelines and was reviewed and confirmed by an institutional review board/ethics committee headed by the local animal welfare officer (Prof. Kempski) of the University Medical Center Mainz, Germany. The animal experiments were finally approved by the responsible national authority, which is the National Investigation Office Rheinland-Pfalz (Koblenz, Germany). The Approval ID assigned by this authority is AZ 23 177-07/G 07-1-003.
Lipoprotein and Analysis of Murine Sera
Murine sera were diluted 1:3 prior to quantitative cholesterol and triglyceride analyses. Quantitative cholesterol determinations were conducted using a colorimetric assay (CHOP-PAP, Roche 1 Diagnostics, Mannheim, Germany). Triglycerides were determined by quantifying free glycerine originating from hydrolytic cleavage (GPO-PAP, Roche Diagnostics). Additionally, lipoproteins were isolated by small-volume sequential ultracentrifugation with a Beckman TLA100.2 rotor as described. Isolated individual density fractions and whole sera were resolved by electrophoresis in 1% agarose gels. The gels were dried and stained with Fat Red 7B to identify lipoproteins containing neutral lipid [22] . Lastly, plasma lipoprotein profiles were analyzed by fast protein liquid chromatography (FPLC) gel filtration as described previously [23] .
Tissue Preparation and Quantification of Atherosclerotic Lesions
Mice fed with WTD were sacrificed by exposure to carbon dioxide and peritoneal cavities were opened. The lung, liver, small intestine, kidney, spleen, heart and aorta were resected en bloc and fixed in 4% PBS-buffered formaldehyde. Hearts were sequentially cut into a total of 30 (3 μm thick) sections around the aortic sinus. Out of 30 sections, every fifth slide was stained with trichrome and computer-assisted measurement of plaque size was performed as described previously [24] . The remaining aortic sinus and spleen sections were used for further immunohistochemistry and histochemistry.
Immunohistochemistry and Histochemical Analyses
The sections of paraffin-embedded tissues were deparaffinized and antigen-retrieval was achieved by heating the sections in target retrieval solution (Dako Corporation, Denmark)., Slides were treated with 3% H 2 O 2 to block endogenous peroxidase activity. Immunostaining with murine monoclonal antibodies was performed using the Vector M.O.M. immunodetection kit (Vector Laboratories, Burlingham, Calif.). Staining with rat antibodies was performed using the VECTASTAIN Elite ABC Kit (Vector Laboratories), and staining with rabbit antibodies was performed using the Dako REAL EnVision Detection System, rabbit/mouse kit (Dako Corporation, Denmark). After blocking, slides were incubated with primary antibodies listed in Table 1 . Reaction products were identified by immersing the slides in diaminobenzidine tetrachloride (DAB) to yield a brown reaction product. The slides were then counterstained with hematoxylin and mounted. Negative controls included replacement of the primary antibody by irrelevant isotype-matched antibodies. Collagen content was analyzed by picrosirius red and polarized light microscopic imaging. Immunohistochemical or picrosirius red staining was quantified by Photoshop-based image analysis as described [25, 26] . The ratio of the positively stained area to the total lesion area (percent-positive area) or the number of positively stained cells per mm 2 lesion, respectively, was calculated. All quantitative morphometric and immunohistochemical data were collected independently by two experienced operators blinded to the mice genotypes.
Statistical Analyses
Data were analysed with Prism 5.0. Most of the outcome parameters determined in this study (macrophage, T-, NK-and smooth muscle (SMC) cellularity as well as collagen content of atherosclerotic lesions) did not follow a normal distribution as judged by Shapiro-Wilk tests. These parameters are thus presented as box-plots with median, interquartile range, minimum and maximum diagrams and their statistical analyses have been performed with the nonparametric Mann-Whitney U tests. Body weights and serum lipid concentrations were found to follow a normal distribution. These data are thus presented as mean (± SD) and were analyzed by t-test of significance. Differences between the mouse genotypes were considered as significant for p-values < 0.05. p<0.05, respectively). However, there, were no significant differences in triglyceride levels after 24 weeks on the WTD. To analyze the effect of immunodeficiency on lipoproteins, serum lipoprotein profiles were examined by both agarose gel electrophoresis followed by staining with Fat Red 7B after ( Fig  1B, left panel) and FPLC (Fig 1B, right panel) . It appears that apoB-containing particles (chylomicrons, VLDLs and LDLs) were increased in triple mutant mice but HDL contents were unchanged compared with other two groups.
Atherosclerosis Lesion Development
Mice were sacrificed after 12 or 24 weeks on the WTD. We first evaluated whether atherosclerotic lesion development could be observed in mice on the BALB/c background (Fig 2A, left  panel) . As expected, quantification of the plaque areas (median/interquartile range) of the aortic sinus revealed significant more lesion development in B6-Ldlr 
Phenotype Analysis of Atherosclerotic Lesions
Since immunodeficiency obviously influenced atherosclerosis lesion progression in BALB/c mice, we next compared lesion composition (percent of macrophages, SMCs, number of Tand NK cells, and collagen per aortic sinus area) in the immunodeficient mutants and C-Ldlr -/-controls. However, due to extreme outliers and high interindividual variations at this early time point, we abstained from further phenotype analysis of atherosclerotic lesions at 12 weeks and confined to phenotype analysis after 24 weeks on the WTD (Figs 3 and 4) . The macrophage and SMC cellularity as well as collagen content were not significantly different between C-Ldlr -/-Rag1 -/-double mutants and C-Ldlr -/-controls ( Fig 3A) . Interestingly, increased ath- SMCs 16,5/4,7%, p<0.01; collagen 1,3/1,0%) and C-Ldlr -/-Rag1 -/-double mutants (macrophages 22,1/14,6%, p<0.01; SMCs 17,4/9,6%, p<0.01; collagen 2,5/2,1%) suggesting a plaque destabilizing effect of immunodeficiency. These differences, however, were not attributable to different proliferation and /or apoptosis as determined by immunohistochemistry (Fig 4A) . Likewise, VCAM-1, a member of the adhesion molecule superfamily, was not expressed differentially in the three animal groups (Fig 4B) .
To evaluate the potential role of T and NK cells, the lesional cellularity of CD2+ (surface antigen of the T lymphocyte lineage, not shown), CD56+ (expressed on NK cells and a subset of T cells) and CD57+ (expressed on a subset of NK cells and a subset of T lymphocytes) cells ) was determined for both geminin (upper panel) and cleaved caspase 3 (lower panel). Note high interindividual variations without any significant differences between the different was investigated (Fig 5) . However, on average, there were only insignificant numbers or no cells except for three mice with higher numbers of CD57+ cells (Fig 5B) . Basically, Nk cells were not detectable in both double and triple mutants (Fig 5A, inserts) .
Discussion
In the present study, a combined B and T cell immunodeficiency with or without a complete lack of natural killer cells in Th2-prone C-Ldlr knockout mice significantly accelerates atherosclerotic lesion progression after 24 weeks on a WTD. Furthermore, a combined B and T cell immunodeficiency with a complete lack of natural killer cells has the potential to change atherosclerotic cellularity with more macrophages and fewer SMCs. Strikingly, these effects were accompanied by significantly higher body weights as well as serum cholesterol and triglyceride levels in the immunodeficient mice of both strains. Increased serum lipids were found to be caused by elevated apoB-containing lipoproteins such as VLDLs and LDLs as shown in FPLC results. It is currently unknown; however, how immunodeficiency affects lipoprotein metabolism such as increased production of VLDL particles or delayed catabolism of these particles in the liver. In spite of this, immunodeficiency did not influence systemic cytokine levels.
At a first glance, these results appear to be contradictory to several previous studies investigating the impact of immunodeficiency on atherogenesis [2] [3] [4] . An alternate point of view, however, modifies this first impression and points to some new interesting issues concerning immunodeficiency and atherogenesis. First of all, the significantly higher serum cholesterol and triglyceride levels in the immunodeficient mice of both strains are striking. These differences may be attributed, at least in part, to the BALB/c background. Besides C57BL/6 mice, BALB/c mice are widely used throughout biomedical research with a high susceptibility to atherogenesis following a high fat diet. Thus, depletion of NKT cells resulted in an obese phenotype with insulin resistance, glucose intolerance, body weight gain and lipid accumulation [27] . Another study showed increased triglyceride content, liver injury and inflammation upon Type I NKT depletion [28] . It has previously been demonstrated that thymic NKT cells of BALB/c mice express higher levels of IL-4, which has been linked to increased protection from metabolic dysregulation compared to C57BL/6 mice [29] . Given the different Th1/Th2 balance of C57BL/6 and BALB/c mice, the loss of IL-4 may lead to a more severe phenotype in the latter. Preliminary results of cytokine analyses in the murine sera, however, suggest that the proposed cytokine effects are mediated locally rather than systemically, e. g. by adipose-derived NKT cells [30] . Quite similar observations have been also made on the C57BL/6 background. Thus, adipose tissue invariant NKT cells protected against diet-induced obesity and metabolic disorder through regulatory cytokine production [30] . In another previous study investigating the role of NKT cells in an adoptive transfer model of atherosclerosis using immunodeficient, atherosclerosis-susceptible B6-Rag1 -/-Ldlr -/-mice as recipients, significantly higher plasma total cholesterol and triglyceride levels were observed in the recipients of B6-CD1d -/-splenocytes compared with the recipients of B6 splenocytes at the terminal 12-week time point [10] . Furthermore, it cannot be excluded that a lack of NK cells directly raises serum lipoproteins as the latter have been shown to be internalized by NK cells through specific LDL-receptor mediated uptake [31] [32] [33] . The significantly higher body weights and serum cholesterol levels in the immunodeficient mice of both strains may underlie the accelerated atherosclerotic lesion progression. Another impact may be attributed to the B cell immunodeficiency, as innate B-1 cells have been demonstrated to play a protective role in atherogenesis both in Apoe- [5, 34] and Ldlr-deficient [6] mice through the secretion of naturally occurring antibodies.
Of course, T cells also play a role in atherogenesis. An earlier study using a class I MHC deficient C57BL/6J strain has already shown that a lack of suppressor T cells was associated with an increase in lesion formation [35] . Since then, a plethora of studies provided dual roles for T lymphocytes in both suppressing and promoting atherosclerosis depending on different Th-cell polarization (Th1, Th2, Th17, and Treg), predictive for the specific type of immune response [11] . A matter of particular interest is the recent observation that depletion of FOXP3+ regulatory T cells promotes hypercholesterolemia and atherosclerosis in Ldlr -/-deficient mice [36] . As our animal models orchestrate several of these possible mechanisms simultaneously, it is difficult to address causality for the unexpected altered lipoprotein levels. This should be subject to more sophisticated adoptive transfer animal models. (Fig 2A) as against macrophage cellularity (Fig 3A) . Accordingly, NK cells have been shown to promote atherosclerotic lesion development in Ldlr -/-and Apoe -/-mice, respectively [38, 39] . Whatever the precise mechanisms are, it seems unlikely that this modulating effect can be attributed to NK cells within the atherosclerotic lesions as we found only very limited numbers of NK and NKT cells in the Ldlr -/-control mice using two different antibodies (CD56, CD57). Rather, systemic effects such as the impact of the total NK and NKT cell pool on lipoprotein metabolism (see above) should be considered.
It is now widely accepted that immune cells play an important role in atherogenesis. Collectively, the present study reveals a previously unappreciated complexity with regard to the impact of lymphocytes on lipoprotein metabolism on the one hand and the role of certain lymphocyte subsets in plaque composition on the other hand. This complexity may be attributed, at least in part, to the Th2-prone BALB/c background. BALB/c mice homozygous for targeted immunological mutations like Rag1-knockout, Rag2-knockout and the Il2rg-knockout are suitable recipients for human hematopoetic stem cells and therefore the study of atherosclerosis in humanized mice.
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